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1,Q AISTBACT. 
A technique has been developed to study the interdiffusion of alkaline 
earth cations in their titanates. Diffusion couples were prepared by 
sintering together pairs of these compounds and the concentration 
profiles, after the diffusion anneals, were obtained by quantitative X-
ray microprobe analysis. The cation interdiffusion coefficient was 
calculated from the concentration profiles using the standard analysis 
by Wagner[32]. 
......._, The cation interdiffusion coefficient, D, for both the calcium 
titanate/strontium titanate and the strontium titanate/barium titnanate 
couples was found to be constant when the concentration of the larger 
radius alkaline earth cation exceeded the concentration of the smaller 
,....... 
radius alkaline earth cation. D was found to be strongly composition 
dependent for the reverse case. This form of cation composition 
dependence was exhibited at all temperatures and stoichiometries 
studied. This composition dependence arose primarily from the 
composition dependence of the activation energy for interdiffusion. For 
diffusion of the smaller radius A-site cation in the matrix of the 
larger A-site cation diffusion is limited by the vacancy mobility which 
is composition independent. For diffusion of the larger A-site cation 
in the matrix of the smaller A-site cation diffusion is limited by the 
enthalpy of formation of A-site vacancies which is composition dependent 
and lowest in dilute solutions and highest in concentrated solutions. 
1 
Changing the cation-cation stoichiometry of one of the components of 
the diffusion couples has a strong effect on the cation interdiffusion 
coefficient. Lowering the AO/Ti02 ratio by introducing excess Ti02 
causes an increase in the interdiffusion coefficient for diffusion of 
the A-site cation into the AO deficient matrix. The diffusion of the 
non-stoichiometric A-site cation into the stoichiometric matrix 
increases slightly but is relatively unchanged. The composition 
dependence of the interdiffusion coefficient, and hence the activation 
energy, is insensitive to A-site cation non-stoichiometry. 
We deduce that lowering the AO/Ti02 ratio by introducing excess Ti02 
,within the solubility limit, produces as compensating defects A-site 
cation vacancies. As the diffusion coefficient increases with 
decreasing AO/Ti02 ratio interdiffusion of alkaline earth cations in 
their titanates must occur via a vacancy mechanism. 
2 
... -...... 
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2,0 INTRODUCTION 
Reliable data on the transport parameters of any material are 
necessary for the correct interpretation of many important processes as 
well as for obtaining an understanding of the mechanistics of diffusion 
itself. The diffusion of ions is a basic and rate determining factor 
in processes such as sintering, creep and ionic conductivity and 
correct interpretation of such processes is particularly important in 
the fabrication and application of perovskite materials. 
There is a small body of literature available for the alkaline 
earth titanates; this data shows over 12 orders of magnitude spread,at 
any one temperature, in the measured diffusion coefficients for Sr 
tracer diffusion alone(ll. The few evaluations of the interdiffusion 
,...._, 
coefficient, D, have been determined on stoichiometric materials of 
undisclosed purity and were found to be independent of cation 
concentration. 
This study has been undertaken to determine the cation 
interdiffusion coefficients in stochiometric, polycrystalline Barium, 
Strontium and Calcium Titanates and to determine the effect of 
nonstoichiometry on these coefficients. In order to fulfill these 
objectives a new method of manufacturing ceramic diffusion couples has 
been developed. 
3 
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3,Q BACKGROUND. 
3.1 DIFFVSION THEORY. 
The chemical diffusion coefficient Dis simply defined as the constant 
of proportionality in Ficks' First Law when the driving force for mass 
transport is a chemical potential gradient and all species move. 
J = - D E,c/E,x ( 1 ) 
where 5c/E,x is the gradient of absolute value of the excess 
concentration of one component. Diffusion data obtained from radio-
tracer and deviation from stoichiometry studies yield two more 
diffusivities, D* and Di, namely the Radio Tracer Self Diffusion 
Coefficient and the Intrinsic Self Diffusion Coefficient respectively. 
Di the self diffusion coefficient of the ith diffusing species, is 
defined as the diffusivity due to thermal excitation in a region at 
constant chemical potential. Under the influence of a chemical 
potential gradient the diffusivity increases and Dis related to Di 1n a 
binary system by the expression[2]; 
Where 
( 2) 
NA, NB are the concentrations of diffusing species A and B 
1B Activity coefficient of component B 
DA, DB are the intrinsic diffusion coefficients for species A 
and B respectively. 
4 
,, 
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These self diffusion coefficients are usually determined by observation 
of the movement of tracer atoms moving under a uniform chemical 
potential. * The tracer diffusion coefficient, Di, and the self 
diffusion coefficient, Di, can be correlated by either a (i) 
thermodynamic approach (for example Darken[3]) 
( i ) D - D * ( 1 + d 1 n')' i / d 1 nN i ) 
or via (ii) a mechanistic approach (crystal structure, jump frequency 
etc.) 
(ii) 
where f is the correlation factor and is dependent on the diffusion 
mechanism and lattice type. Both these self diffusion coefficients can 
be correlated with equilibrium diffusion data and the chemical 
diffusivity using Darkens relations[ 4 ]; 
( 3 ) 
The difference in the chemical diffusivity arises due to the fact that 
it is essentially the measurement of the vacancies in ionic materials 
with predominantly electronic conduction where vacancies are the 
predominant lattice defects. Consequently the ratio of D too* is 
inversely proportional to the vacancy concentration[2]. Hence o* is 
found to be proportional to the vacancy concentration therefore the 
chemical diffusion coefficient should be approximately independent of 
5 
J_,. •• 
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composition. (However, this proves not to be the case in the alkaline 
earth titanates as they are predominantly ionic conductors.) 
3.1.1 Temperature Dependence of the Interdiffusion Coefficient. 
Diffusion is a thermally activated process. Therefore, as the 
temperature of the diffusion anneal is changed the diffusion 
coefficient is also changed. The interdiffusion coefficient can be 
expressed in terms of a pre-exponential factor and an exponential 
factor that contains a term for the activation energy for diffusion; 
D - D0 exp (-Q/RT) (4) 
where D0 is the pre-exponential term, Q is the activation energy for 
diffusion (J), R is the gas constant (8.314 JK- 1 mol- 1 ) and T the 
absolute temperature of diffusion (K). When this relationship is 
plotted in terms of ln D versus 1/T a straight line plot results with a 
gradient of -Q/R and a linear intercept on the ln D axis equal to ln 
The Pre-Exponential Factor D0 . 
The pre-exponential factor D0 is normally referred to as the frequency 
factor and has the same dimensions as the interdiffusion coefficient. 
For diffusion via an interstitial mechanism D
0 is given by[ 4 l; 
(5) 
6 
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and for diffusion via a vacancy mechanism D
0 
is given by; 
where: 
r - a geometric constant 
v - mean vibrational frequency of an atom about its 
lattice site 
ao - lattice parameter 
~Sm - Entropy of motion -
~sr - Entropy of formation of a vacancy -
R - gas constant -
The Activation Energy for Diffusion. 
(6) 
The activation energy for in,erdiffusion is made up of an enthalpy of 
motion for diffusion via an interstitial mechanism and a combined 
enthalpy of formation and motion for diffusion via a vacancy mechanism; 
Qv a can c y - - (Aff! + ~ · ) ( 7) 
3.2 CRYSTAL STRUCTURE 
The alkaline earth titanates, ATi03 , exhibit the PEROVSKITE structure, 
so named for the mineral perovskite (calcium titanate). The perovskite 
structure is simple cubic although calcium titanate itself is slightly 
orthorhombic. In the perovskite structure the alkaline 
7 
,,. 
, ' ' 
. . '•; . ' 
earth cation (A++) is poaitioned at the body center of a cube, 
coordinated with twelve oxygen ions, and the titanium cations (Ti++++) 
at the cube corners, coordinated with six oxygen ions. '!be oxygen ions 
are situated at the center of each cube edge; each oxygen ion being 
surrounded by 4 A++ ions and eight oxygen ions. A schematic 
representation of the ideal perovskite structure is presented in Figure 
1. The unit cell data for the alkaline earth titanates is listed in 
Table 1. 
Calcium titanate at room temperature is not truly cubic but 
possesses orthorhombic symmetry. It undergoes a transition to 
tetragonal at about 6oo·c and to cubic at around 9oo·c. 
Strontium titanate is truly cubic and exhibits the ideal perovskite 
structure at room temperature. Its space group is Pm3m and its atoms 
occupy the following positions in the unit cell( ll; 
Sr ( 0, 0, 0) 
Ti (1/2, 1/2, 1/2) 
0 (1/2, 1/2, 0) ; (1/2, 0, 1/2); (0, 1/2, 1/2) 
Barium titanate at room temperature is very close to cubic in 
structure; its atom positions in the unit cell being; 
Ba ( 0, 0, 0) 
Ti (1/2, 1/2, 0.512) 
0 (1/2, 1/2, 0.023); (1/2,0,0.486); (0, 1/2,0.486) 
Barium titanate undergoes transitions in crystal structure from 
rhombohedral to orthorhombic at -loo·c, then to tetragonal at O C and 
then finally the structure is cubic above 1oo·c. When making a 
8 
. 4/" 
0 
Figure 1. The Ideal Perovskite Structure. 
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(a) (b) (c) 
• • • A A A 
CaTi03 5.381 7.645 5.443 
CaTi03 3.820 
SrTi03 3.904 
BaTi03 3.989 4.029 
BaTi03 4.012 
Tabla 1. Unit Cell Data for A2•s••o3 cs1 
10 
Crystal Structure 
orthorhombic( 2 l 
cubic( 4 J 
cubic( 3 l 
tetragonal ( 3 l 
cubic(•J 
•. , .. , f 
comparison between the unit cells of the alkaline earth titanates it is 
useful to consider the ionic radii of the alkaline earth cations within 
each compound. The ionic radii, as given by AhrensC~J, for the 
perovskite structure are given in Table 2. The ionic radius of the A++ 
ions changes more than the lattice parameter of the corresponding AB0
3 
crystal. (rA++ decreases from Ba++ to Ca++ 14% while a
0 
decreases only 
4.8% from BaTi03 to CaTi03 .) Hence it would appear that the CaTi03 
structure would contain more free space, in an absolute sense, than the 
BaTi03 structure. 
The most important factor to note is that at the diffusion 
temperatures studied here, that is 1000·c and above, all three alkaline 
earth titanates possess the same cubic perovskite structure with only 
4.8% difference in lattice parameter , at room temperature, between the 
smallest and largest unit cells. 
3,3 BINARY PHASE DIAGRAMS, 
3.3.1 The Barium Titanate/ Strontium Titanate System. 
The phase diagram for this system shows a complete solid solution with 
a minimum in the liquidus at 2.5 mole% SrTi03 and 1585°C ( 5 J. X-ray 
data confirm the single phase over the entire range of compositions at 
temperatures below 1585°C and the lattice constant values decrease from 
BaTi03 to SrTi03 closely following Vegards Law( 7 J. The Phase Diagram 
is presented in Figure 2 along with the variation in lattice parameter 
data. 
11 
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CATION IONIC RADII IN AB0 3 
Ba++ . 1.34 A 
sr+ + . 1.12 A 
ca++ . 0.99 A 
Table 2. Ionic Radii of Cations in AB0
3 
_[~l 
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with Composition Along 
(After KcQuarrie [7]) 
3.3.2 The Strontium Titanate/ Calcium Titanate System. 
The Strontium titanate/calcium titanate system also exhibits 
complete solid solubility throughout all compositions[ 7 , 8 l. The 
lattice parameters also change according to Vegards Law and the 
crystallographic transitions vary with temperature with the cubic 
transition moving to calcium rich compositions as the temperature is 
increased. This is presented in Figure 3, inspection of the data shows 
that above 1000 C the solid solution is completely cubic in 
structure( 91 . 
3.3.3 The Calcium Titanate/ Barium Titanate System. 
De Vries and Royl 9 J investigated the phase equillibria in this 
system and found that a solubility gap exists between these two 
compounds up to their melting point at 1600 C. The maximum solubility 
between the two occurs at about 25 mole% on both sides. The phase 
diagram for this system is presented in figure 4. 
3,4 Defect Chemistry, 
All previous cation diffusion studies conducted on perovskites have 
used stoichiometric materials. The effect of nonstoichiometry and the 
defect chemistry on the cation interdiffusion coefficients requires 
consideration. 
3.4.1 Cation-Cation Nonstoichiometry. 
In ideally pure stoichiometric compounds all equivalent lattice 
sites are completely occupied by the appropriate species in the correct 
14 
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electronic state. Cation-cation nonstoichiometry for the alkaline 
earth titanates having the formula AB03 corresponds to an excess of 
either AO or B02 , that is a corresponding change in the AO/B02 ratio. 
Let us consider the lowering of this ratio by incorporation of excess 
Ti02 . There are three possible incorporation reactions for excess B02 
that will conserve the basic perovskite crystal structure; 
B02 ------> B •••• I + 20" I (8) 
2B02 ------> B .. A + Bx B + 30x 0 + o" I (9) 
B02 ------> v" A + ~ + 2ox 0 + V •. 0 (10) 
Reaction (8) would involve no change in the total number of lattice 
sites as the B cation and oxygen anions are incorporated into 
interstitial sites in the existing crystal structure. (This 
corresponds to a Frenkel-type disorder.) The remaining possible 
incorporation reactions require that new lattice sites be created in 
the correct stoichiometric ratios, this is known as a Schottky-type 
defect. Incorporation reaction (9), involving cation place-exchange, 
would require that the B-ions would occupy newly created A-sites and B-
sites in equal numbers with the two oxygen ions occupying two out of 
the three newly created oxygen sites. The third oxygen site would 
remain unfilled and compensate in charge for the BA defect. The third 
possibility is that shown in equation (10); the B ion would occupy the 
newly created B-site, oxygen ions would occupy two out of the available 
three sites leaving one oxygen vacancy to compensate for the remaining 
A-site vacancy. 
17 
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It has been shown that the 01 w i• a very unfavorable type of defect in 
the close-packed perovskite 1tructurec 1 o1. Hence any incorporation 
reaction that involved creation of such a defect would be unfavorable 
compared to other possibilities. Thus the excess T102 is most likely 
to be incorporated into the perovskite crystal structure via a simple 
Schottky mechanism. 
3.4.2 SOLUBILITY LIMITS. 
It has been shown that nonstoichiometry influences ionic conductivity 
and mobilityf llJ so it is highly likely that there will also be an 
effect on the interdiffusion coefficients. In order to isolate this 
effect it is necessary to ensure that the nonstoichiometric materials 
are still single phase. If the tolerance for cation-cation-
nonstoichiometry is exceeded second phases become present. For barium 
titanate the phase is most likely to be BaTi 2 0~ and for strontium and 
calcium titanate it is Ti02 that is precipitated[lZJ when excess Ti02 
is added. If second phases were present it would no longer be 
expedient to compare their diffusivities to the stoichiometric 
materials. The solubility limits set out by Smyth et a1rio1 are 
particularly applicable to the work to be presented in this thesis as 
these solubility limits were determined using powders prepared by the 
same method used here. Barium titanate has the lowest tolerance for 
excess Ti02 incorporation, second phase was found to be present with 
Ba0/Ti02 ratios of 0.9999, that is less than 100 parts per million Ti02 
can be in solid solution in barium titanate[ 131 . Up to 300ppm excess 
Ti02 can be dissolved in strontium titanate[ 141 whereas calcium 
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titanate can dissolve many thousand.I of part• per millionc101. 'nli• 
decreasing aolubility of Ti02 in AB03 from thousand.I of parts per 
million for calcium titanate to virtually zero in barium titanate 
indicates that the A-site vacancy is more easily formed as the A-site 
ion becomes smaller. 
3.4.3 ANION DEFECT CHEMISTRY. 
It has been established that the most likely incorporation reaction 
for excess Ti02 is reaction (10). The oxygen vacancy formed can either 
,,. 
remain as such or, in the presence of an oxidizing atmosphere, as is 
the case for the experiments presented here, reoxidize. The result of 
such a step would be a p-type defect that would compensate for the a-
site vacancy; 
B02 ------> Bx + 20)( + v .. + v" B 0 0 A ( 11) 
then; 
.. ox . Vo + 1/2 Oz ------> + 2h 0 (12) 
the mass action equation for (12) is given by; 
(13) 
or 
pz / [ V ~·] pOz 1 / 2 (14) 
where; 
p is the number of holes produced 
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[v;] is the concentration of oxygen vacancies(set directly by 
equation 11) 
p02 is the partial pressure of oxygen 
~ is the reaction constant for oxidation 
~ is the activation energy for the formation of two p-type 
defects 
The extent to which the reaction proceeds is strongly dependent on the 
partial pressure of oxygen. (Diffusion of oxygen through the crystal to 
the oxygen defect is extremely fast and has thus been eliminated as a 
rate determining step[ 11 .) As the p02 is fixed in the present 
experiments the ratio of p2 /[v~·] is fixed and hence the value of pis 
. . 
dependent only on the V0 concentration. This itself is fixed by the 
degree of catio-cation nonstoichiometry (i.e. the AO/Ti0
2 
ratio), if we 
ignore the small contribution from thermal vacancies which is fixed by 
the temperature. Thus if the cation interdiffusion coefficient is 
affected by changes in the AO/Ti02 ratio then it should change linearly 
in direct proportion to the degree of nonstoichiometry. 
3,5 DIFFUSION IN THE ALKALINE EARTH TITANATES. 
Diffusion of ions in perovskite materials is a fundamental rate 
controlling process for numerous important phenomena. The anion 
kinetics have been investigated by many workers [l, 15 - 25 1 however 
cation diffusion has been relatively ignored by comparison. Most 
cation diffusion studies have concentrated on radio tracer diffusion in 
single crystal titanates, particularly noteworthy is the work by 
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Rhodesl 281 on Sr and Ti tracer diffusion in strontium titanate. He 
found that the experimentally determined diffusion coefficients were a 
function of the concentration of dislocations present in the single 
crystal, and the diffusion was of mixed lattice and pipe types. There 
have been other studies on strontium titanate by Turlier et al[ 19 1 and 
Schmalzried and Taylor[ZSJ but no attempt had been made to characterize 
the single crystal in terms of its stoichiometry and impurity content. 
The data for cation diffusion in barium titanate is just as sparse as 
that for strontium titanate diffusion. Garcia-Verduch et al(Z 7 J and J. 
Maier et al( 221 conducted Ba tracer experiments on polycrystalline 
barium titanate but again no classification of the material was made in 
terms of purity, stoichiometry and effect of the presence of grains and 
grain boundaries on the measured diffusion coefficients. There is no 
data available in the literature to date for cation diffusion in 
calcium titanate although as for both barium and strontium titanates 
there exists work on anion diffusion(ll. All the existing diffusion 
data for alkaline earth titanates, including both cation and anion data 
for the sake of completeness, will be presented and compared in this 
literature review. 
Comparison of existing diffusion data is complicated when considering 
the traditional Ahrennius type data presentation, however if we use the 
Compensation Law direct comparison of determined diffusivity data is 
easier. This method of comparing diffusion data was developed by 
Dosdale and Brook[ 28 • 291 and is based on the fact that all diffusion 
coefficients can be expressed in terms of a pre-exponential factor and 
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an exponential term containing thermodynamic parameters. Instead of 
plotting in the usual Ahrennius fashion Dosdale and Brook suggested 
that plotting ln D0 versus Q would yield an excellent method of 
comparing data produced by different experimental techniques. All 
values of the same diffusion coefficient, regardless of measurement 
technique should lie on the same straight line with a gradient equal to 
1/RT. This method of presenting diffusion coefficients has not, until 
now been applied to the diffusion data for the alkaline earth 
titanates. To reduce errors only graphical data have been used to 
calculate the pre-exponential factors and activation energies for 
diffusion except when an explicit value for Q or D
0 
was given. The 
diffusion data extracted straight from the original papers is presented 
in Tables 3 and 4 and are presented graphically in Figures 5 and 6, the 
numbers by each data point are the references for the data. 
From this collection of data we can conclude that interdiffusion of 
oxygen in BaTi03 is more rapid than diffusion of either radiotracer 
oxygen or radiotracer barium in BaTi03 and oxygen tracer diffusion is 
more rapid than barium tracer diffusion. The same ranking of data 
applies to sl ,ntium titanate. Diffusion of all species noted here is 
faster in the strontium titanate matrix than in the barium titanate 
matrix. 
There exists no cation interdiffusion data between the alkaline earth 
titanates. The other diffusion data have been obtained on materials of 
unknown purity and stoichiometry. The purity is particularily 
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important in th••• material• aa the defect concentrations are set by 
the impurity content and aa will be demonstrated by the sets of 
experiments preaented later, crystal defects have an important effect 
on the measured diffusion coefficients. 
4.0 STATEMENT OF PURPOSE. 
The aim of this series of experiments is to develop a new technique 
to systematically determine the cation interdiffusion coefficients 
between calcium, strontium and barium titanates. The purity and 
stoichiometry of the polycrystalline materials is deemed to be of 
importance and control of these factors will be achieved. 
The interdiffusion coefficients and their temperature dependence will 
be determined as a function of cation concentration. Finally the 
effect of changing the cation-cation stoichiometry on the 
interdiffusion coefficients will be determined; and from this the 
mechanism for diffusion of alkaline earth cations in their titanates 
will be postulated. 
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important in theae material••• the defect concentration. are aet by 
the impurity content and aa will be demoruatrated by the sets of 
experiments presented later, crystal defects have an important effect 
on the measured diffusion coefficients. 
4,0 STATEMENT OF PURPOSE, 
The aim of this series of experiments is to develop a new technique 
to systematically determine the cation interdiffusion coefficients 
between calcium, strontium and barium titanates. The purity and 
stoichiometry of the polycrystalline materials is deemed to be of 
importance and control of these factors will be achieved. 
The interdiffusion coefficients and their temperature dependence will 
be determined as a function of cation concentration. Finally the 
effect of changing the cation-cation stoichiometry on the 
interdiffusion coefficients will be determined; and from this the 
mechanism for diffusion of alkaline earth cations in their titanates 
will be postulated. 
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5.0 lltll'Pill'tL, 
Basically any diffusion controlled process, from simple diffusion in 
couples to conductivity and ionic mobility, can be used to determine D. 
Provided the species move under the influence of a chemical potential 
...__.. gradient the diffusivity extracted will always be D. Simple diffusion 
couples can be set up and the concentration profiles, once determined, 
can be treated by the Boltzmann-Matano type analysis. In this way the 
........ chemical diffusion coefficient D can be extracted from the 
experimentally determined concentration profile of the diffusing 
species. 
5,1 POWDER PREPARATION. 
The powders were prepared by a liquid mix synthesis in which the 
alkaline earth titanate was produced by combining and polymerizing a 
homogeneous mixture of tetra-iso-propyl-titanate and the alkaline earth 
carbonate. This technique is known as the Modified Pechini method[ 301 
by which the cation stoichiometry of the material could be controlled 
to 1 part in 10,000.( 31 1 
5.1.1 Preparation of the Ti02 Stock Solution. 
A stock solution containing the titanium ions was made using the 
following procedure; 200cm3 of titanium (IV) isopropoxide (Ti(OC 3 H7 ) 4 ) 
was slowly added to 600 cm3 of ethylene glycol while stirring the 
mixture thoroughly at a temperature in the range of 60. to 1o·c. After 
the solution had changed from a milky color to a transparent yellow 
another 100g of citric acid was introduced and dissolved. A further 
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200g of citric acid vaa added to the aolution. 'nlia atock aolution vaa 
stirred to homogenize at 1o·c for about 8 houra and waa then carefully 
assayed to determine the exact Ti02 content. 
5.1.2 Aaaay of the Stock Solution. 
The crucibles uaed were fused silica which were cleaned thoroughly 
• and dried at 900 C for 5 hours and allowed to cool to approximately 
2oo·c. They were then taken out of the furnace and allowed to cool to 
room temperature in a dessicator. This was necessary as the silica 
tends to take up water from the atmosphere on cooling. The crucibles 
were then weighed on an analytical balance to a precision of 0.1mg. 
Corrections were made for the buoyancy of air and the fact that the 
balance had been calibrated for brass. The equation used being; 
TRUE WEIGHT - MEASURED WEIGHT [1 +(P,1r/Ps111c,) - (P,1r/Pbra,,)] (15) 
The crucibles were reannealed and weighed until two consecutive 
weighings yielded the same result. A small volume of stock solution 
was then added to the crucible and weighed, again the weight was 
corrected by using the equation given earlier substituting the density 
of the stock solution for the density of silica. This density of the 
stock solution was previously determined using the standard volumetric 
technique. The crucible was then heated very slowly on a hot-plate 
until the solution had turned into a hard black polymer. This was then 
transferred to a furnace which was heated to 9oo·c. It was essential 
27 
that all heating••• conducted extr ... ly alowly over aeveral day• to 
enaure that none of the T102 waa loat by apattering. Once all the 
organic• had burnt off only pure T102 reaained. The crucible and its 
contents were allowed to cool to room temperature in a deaaicator 
before it was weighed. The weight of the final residue of Ti02 gave 
the number of moles of Ti02 present in the stock solution. The assay 
was repeated until its reproducibility was down to four decimal places. 
In our experiments 1 gram of stock solution contained 0.044901 grams of 
Ti02 (corrected weights given in each case). 
5.1.3 Preparation of the Alkaline Earth Titanate Powders. 
Approximately 0.05 litres of stock solution were decanted and weighed 
for each powder composition. After correcting the weighed value the 
Ti02 content was determined in terms of moles of Ti02 . For AB03 
powders the required number of moles of AO was calculated from the 
desired AO/Ti0 2 ratio. As there are the same number of moles of AO in 
AC03 this is the number of moles of the alkaline earth carbonate that 
were added. The amount of AC0 3 to be weighed out was then calculated 
from the number of moles including corrections for weighing in air. 
The carbonate was added to the Ti02 solution along with enough, 
approximately lcm3 , saturated citric acid solution to allow complete 
dissolution. The mixture was heated at 60°C for a few hours and then 
polymerized by pouring slowly into a platinum crucible resting on a hot 
plate set to the highest heat setting. Once a hard brown/black polymer 
had been formed the organics were burnt off by heating in a furnace, 
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• • • the achadule being; 200 C for 1 hour, 400 C for 1 hour, 600 c for 1 
hour and then the powder wa• calcined for 4 hours at 9oo·c. 
5, 2 FABRICATION OF DIFFUSION COUPJ,ES, 
Experimental problems exist when applying the conventional method 
of pre-sintering pellets and then polishing the surfaces and placing 
them together for a diffusion anneal. Unless the pellets were forced 
together under some pressure an interface did not form. Furthermore, 
it was desired that the experiments be conducted over a wide range of 
temperatures, where using simple metallic diffusion couple clips would 
not be possible. Similarly clips manufactured from common refractory 
materials could not be used as they reacted with the alkaline earth 
titanates. Another problem is the contamination of the diffusion 
couple from the furnace refractory which could lead to erroneous 
diffusion rates. This problem was previously noted by W. Rhodes in 
1957( 261 . 
A solution was found by cold pressing a pellet of one titanate around 
a pellet of the other in double ended dies. The sinter/diffusion 
anneal was then conducted simultaneously from the green state. This 
method has the advantage, apart from ease of manufacture of the 
pellets, that the diffusion interface lies within the specimen and is 
effectively shielded from possible furnace atmosphere and handling 
contamination. 
Diffusion couples were produced between strontium and calcium 
titanates and, strontium and barium titanates; both of these systems 
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exhibit complete aolid solubility at the temperature• of experiment. 
'lbe powders were ground using a peatal and mortor and llwtl deionized 
water was added to aid in cold preaaing. The inner pellet for the 
diffusion couple was pressed in a double-ended 0.75mm steel die under a 
pressure of 0.8 tonnes cm- 2 . The green pellet was extracted and the 
outer surface scraped with a razor-blade to remove any possible 
contamination from the steel die. A weighed amount of powder 
(approximately Sg) for the second part of the diffusion couple was 
placed in a 1/2 inch steel die and the pre-pressed pellet placed on top 
of it. The pellet was covered by a similar amount of powder as it 
rested on the pellet pressed underneath. The small pellet with powder 
surrounding it was then pressed under 0.8 tonnes cm- 2 pressure. The 
composite pellet was extracted and dried overnight in an oven at 110 C 
and was then placed in surgical drainage tubing which was evacuated 
before isopressing under 35,000 psi. The pellet was then ready for the 
diffusion anneal. A schematic of this process is presented in Figure 7. 
5,3 DIFFUSION ANNEALS, 
The diffusion anneals were conducted in ambient air at atmospheric 
pressure for various temperatures and times for both the stoichiometric 
and the variable stoichiometry studies. The furnace used was a 
Lindberg 1700°C Crucible Furnace, microprocessor controlled. The 
temperature was monitored using a Type S thermocouple which had an 
accuracy of+ 1/2%. 
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Figura 7. Schematic Diagram Showing the Steps Involved in 
Producing the Diffusion Couples. 
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After the diffualon anneal• the couples were aet in cold-aetting epoxy 
to aid in slicing with a wafering blade. The cut waa made 
perpendicular to the diffuaion interface. Th••• aectiona were set in 
epoxy and polished using SiC paper down to lµm and then l/4µm colloidal 
silica. The samples were then carbon sputter coated to minimize 
surface charging in the electron microscope. 
The concentration profile was determined by Quantitative X-ray 
Microanalysis using a Jeol 733 Microprobe and Sandia software. The ZAF 
(Atomic Weight, Absorption and Fluorescence) method of correction 
factors for quantification was used and is detailed in Appendix I. The 
atomic number correction factor was optimized by using the end point of 
the diffusion couples as the standards for quantification. As the 
powder preparation included accurate weighing to 0.1mg the weight 
fraction of each element present was calculated from the stoichiometry 
of the powders. Thus the difference in average atomic number between 
the standard and the sample was very small. The absorption factor was 
minimized by having a low overvoltage. To obtain good counting 
statistics a high overvoltage is required so a compromise was struck at 
an operating voltage of 20KV. Little can be done to alter conditions 
to minimize the fluorescence correction as we have to analyze for 
strontium in the presence of barium and titanium, both of which 
fluoresce the Sr-La line, titanium by the Ti-Ka line and Barium by the 
Ba La line. However calculations prove that the largest fluorescence 
correction value is still only 0.998 which is still small. 
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Th• X-ray peaka choaen to analyze on were the following; 
Element X-Ray Peak Peak Energy Analyzing Crystal Position 
(1111) (KeV) 
Sr Sr 
~1 219.81 1.806 PET 
Ba Ba 
~1 88.91 4.465 PET 
Ca Ca 
~2 107.67 3.687 PET 
Ti Ti 
~2 88.15 4.504 PET 
The peaks are presented in Figures 8 through 11. The peaks are 
distinct and have no peak overlap and good counting statistics. The 
continuum radiation (background) has a low intensity compared to the 
characteristic x-ray peaks. Thus the conditions have been optimized 
for quantification. The accuracy of the chemical analysis was tested 
by analyzing the standards as an unknown, if the elemental analysis 
yielded values within one weight percent of the known chemical 
composition it was deemed satisfactory. 
The data output from the X-ray Microprobe Analyzer was in the form of 
a concentration profile taken perpendicular to the diffusion interface. 
The profiles used in calculating D were the average of profiles taken 
at three different locations, parallel to each other but at different 
positions on the interface to ensure that the concentration profile 
used to calculate the diffusion coefficients was representative of the 
diffusion zone. The concentration of each element present in the 
diffusion zone was given in terms of atomic and weight percent at each 
point on the profile so the first task was to convert their 
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concentration into molar percent. 'nle concentration profile was then 
plotted and any data points that were obviously erroneous were removed. 
The condition for a point being removed was such that if all the 
elemental concentrations recorded at any particular position varied 
greatly from the expected error-function type curve then it was likely 
that the analysis was conducted on an irregularity in the sample. The 
error could be due to a pore or porosity just below the surface which 
would result in a smaller activated volume for analysis as well as less 
absorption of the generated X-rays than the surrounding material. This 
would result in an increased or much decreased concentration of each 
element being detected, depending on the exact situation. A curve was 
then drawn through the remaining points on the profile using an 
interpolation technique. Extraction of the interdiffusion coefficient 
from this experimental data was achieved using the method proposed by 
C.Wagner[ 321 and discussed in section 6.0 Data Analysis. 
5,5 EXPERIMENTAL VARIABLES. 
5.5.1 EXPERIMENT TO DETERMINE THE CATION INTER.DIFFUSION COEFFICIENTS IN THE ALKALINE EARTH TITANATES. 
Diffusion couples were produced between calcium titanate and strontium 
titanate and between strontium titanate and barium titanate. Diffusion 
anneals were conducted for various times within the temperature range 
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CaTi03 / SrTi03 Temperature. Time . 
• 1100 C 136 hours 
• 1200 C 60 hours 
• 1250 C 30 hours 
• 1300 C 30 hours 
. 
1352 C 30 hours 
13so·c 13 hours 
13so·c 29 hours 
1350"C so hours 
SrTi03 / BaTi03 
Temperature Time 
11oo·c 136 hours 
12oo·c 60 hours 
12so·c 30 hours 
. 1350 C 30 hours 
5.5.2 EXPERIMENT TO DETERMINE THE EFFECT OF CATION CATION 
NONSTOICHIOMETRY ON THE CATION INTERDIFFUSION COEFFICIENT. 
Diffusion couples were produced as described previously except that 
the AO/B02 ratio was varied for one of the constituents in each couple. 
The calcium titanate/strontium titanate couples were annealed at 1350 C 
and the strontium titanate/barium titanate couples at 12s·c both for 
30 hours. The various stoichiometries studied are given in the 
following table (the oxygen compositons given are initial compositions); 
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COMPOSITIONS 
Ca1.00000Ti03_00000 I SrTi03 
Cao_gggsoTi02.gggso I SrTi03 
Cao.99900Ti02.999oo I SrTi03 
Ca0.99a44Ti02.99844 I SrTi03 
Cao. ggaooTi02. 99000 I SrTi03 
Sr1.00000Ti03_00000 I BaTi03 
Sro. 99990 TiOz. 99990 I BaTi03 
Sro. 99970TiOz_99970 I BaTi03 
40 
TEMPERATIJRE 
1350 • C 
" 
" 
" 
n 
. 
1250 C 
" 
11 
TIME 
36 hours 
" 
" 
" 
" 
36 hours 
" 
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6,0 DATA ARALJSIS, 
6.1 DITDKINATION OP THE CH!KICAL IlffEllDIFPUSION CO!FFICI!NT. 
The method used to calculate the interdiffusion coefficients from the 
concnetration profiles determined by quantitative X-ray microanalysis 
was that proposed by C. Wagner[JZJ. It eliminates the need for 
determination of a Matano Interface and allows D to be calculated as a 
function of cation concentration using the one single equation, 
D - c· , Vm ( c+ - c~ [ ( 1 -y• ) J Y. dx + y• J 1 -Y dx] 
2t8c/8x vrn vrn 
where 
c• - the concentration (in molar%) of the ion of 
interest at point X 
- the maximwn concentration - of ion (molar %) 
- the minimwn concnetration - of ion (molar %) 
5c/5x - the gradient of concentration profile at C=C* -
mole fraction, X in metres.) 
- cc· - c- ) /cc+ - c-) y• 
Y. 5x - area under Y VS. X curve. 
JC1-Y)5x - area under 1-Y vs. x curve. 
Vrn - Molar volwne 
6.1.1 Validation of the Equation Used for Calculating the 
Interdiffusion Coefficient. 
( 1 6 ) 
(C in 
If equation 16 is indeed applicable to the experimental 
situation, the calculated diffusion coefficient will be independent of 
the diffusion time and there will be a parabolic relationship between 
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the diffusion time and the diffusion distance. These conditions should 
be tested to validate the new method of experimentally determining 
diffusion coefficients presented here. If this condition is not met 
the reason may be attributed to one, or a combination of, the following 
reasons; either the method of calculating the diffusion coefficient is 
not applicable to the system (that is we do not have a simple solid 
solution in existence between the alkaline earth titanates) or the 
diffusion is mixed mode, or the effect of sintering and diffusing at 
the same time is producing non-parabolic rate kinetics. 
6,2 POSSIBLE CONTRIBUTION FROM GRAIN BOUNDARY DIFFUSION. 
The relationship expressed in equation 16 will hold true if the 
diffusion mode is not mixed, that is we have either grain boundary or 
lattice diffusion, the distinction between the two may not be made 
using only the equation 16. It is complex to deconvolute the relative 
contributions of grain boundary and lattice diffusion in a mixed mode 
situation as the diffusion coefficients for each type of diffusion have 
to be known explicitly. However Oishil 33 . 34 l has developed a method 
for determining the relative values of the two diffusion coefficients 
that is applicable to materials when the diffusion depth is much 
greater than the grain size in a polycrystalline material. 
The concentration profile from an interdiffusion experiment as a 
function of the lattice and grain boundary interdiffusion coefficients 
has been described by Oishi and Ichimura in the following equation; 
2{C - C1l -
C2 -Ci 
Ht exp( -my) 
M 
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where Hi/M is given by; 
and mis given by; 
00 
m = ~Eexp<-w~2.t) 112 
r6D'1 r2 
where; 
y - distance from diffusion interface. 
C - concentration at pointy 
C1 , C2 - initial concentrations at either side of diffusion couple 
~, M = total amount of diffusion at time t and infinity 
D - lattice interdiffusion coefficient 
D' - grain boundary interdiffusion coefficient 
r - grain radius 
- grain boundary width 
Equation (17) can be re-expressed as; 
l n 2 ( C -C 11 = l n Mt - my 
C2 - c1 M 
(18) 
(19) 
(20) 
plotting ln[2(C-C 1 )/C2 -C 1 ] versus y yields a straight line plot with 
slope equal to -m and an intercept on the abscissa equal to 
ln Mt/M. The plots presented by Oishi are shown in Figure 12. 
Once Mt/M is determined using a least squares approach D can be 
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Figure 12. Grain Boundary/Lattice Diffusion Data (After 
Oishi[ 331 ) 
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calculated using equation (18). Rearranging (18) 
[ < I\ /M ) -1 l . < - ,.-2 I 6 ) - 00 E l/n2 exp ( -Dn2 ,.-2 t/r2 ) 
1 
Let [ (1\./M ) -1] . (-,r2 /6) - A and D,.-2 t/r2 - B so, 
ro 
A - I: exp ( - Bn2 ) /n2 
1 
using the standard series expansion for this exponential; 
A - e.:.]_ + e~ + e~ + e- 1 6 B + ... 
1 4 9 16 
let e-B - x then we can write; 
A - x + ~i. +xi.+ xll + ... 
4 9 16 
This can be solved by a Newton Rhapson method 
f(x) - -A+ (x +xi.+~~+ xl.§_ + ... ) 
4 9 16 
and 
f' (x) - ( 1 + x3 + x8 + x 1 5 + ... ) 
the solution should lie between x1 - 0 and x2 - 1 
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(22) 
(23) 
(24) 
(25) 
(26) 
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Once the solution for x has been found we can calculate the lattice 
interdiffusion coefficient as x = -B e , 
B = Dn2~2 t/r2 ,also by definition, so 
by definition, and 
(27) 
This calculated value of D can now be substituted into equation (19) to 
determine the grain boundary interdiffusion coefficient 6D'. The valu~ 
of mis the gradient of the ln[2(C-C 1 )/C2 -C 1 )] versus y curve. 
The series converges very quickly so it is necessary to include only 
the first few terms in the calculation. The grain boundary 
interdiffusion coefficient cannot be isolated easily from the term oD' 
where o is the width of the grain boundary path but we are concerned 
only with the relative values of the diffusion coefficients so this is 
not a problem. 
Analysis of the interdiffusion coefficients using the method by Oishi 
indicated that the contribution to the diffusion coefficient from grain 
boundary diffusion was insignificant compared to that for lattice 
diffusion, the results of these calculations are tabulated in Table 6. 
This gives us confidence that the phenomenon studied is single mode 
bulk lattice interdiffusion and that the method developed here and used 
to study it does not bias the results. 
A computer program has been developed to aid in the necessary 
calculations and this is presented in Appendix III. 
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6,3 REPRODUCIBILITY OF RESULTS, 
Using the equations set out earlier the cation interdiffusion 
coefficient was extracted from the microprobe data. The interdiffusion 
coefficient was calculated for the CaTi03 /SrTi03 couples annealed at 
13so·c for various times and was found to be independent of diffusion 
time. The extent of the interdiffusion was defined arbitrarily as the 
distance between the 0.1 mole fraction and 0.9 mole fraction of one of 
the diffusing cations, this distance could then be related to the 
diffusion time. This relationship is tabulated in Table 5 in Appendix 
II and represented graphically in Figure 13. The linear relationship 
between diffusion distance and the square root of time indicates that 
we are in fact dealing with single mode diffusion which is consistent 
with the equation used to calculate the interdiffusion coefficient. As 
the diffusion anneals were conducted for various times the materials 
had a range of grain sizes from 3µm through 12 to 20µm, however as 
there is a direct proportionality between diffusion distance and the 
square root of diffusion time then we can conclude that sintering and 
grain growth has very little effect on the interdiffusion in this case. 
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Z,Q RESULTS ARD DISCUSSION, 
7.1 GENERAL CONSIDERATIONS. 
Distinct diffusion interfaces had formed on all samples, the position 
of the interface was seen most clearly in Back-Scattered Electron 
images and on X-ray maps. Examples of such interfaces are shown in 
Figure 14 for the CaTi03 /SrTi03 and Figures 15, 16 and 17 for the 
SrTi03 /BaTi03 . Figure 18 shows the raw data output from the 
quantitative X-ray microanalysis plotted as a function of distance 
across the interface. The diffusion zone in both diffusion couples is 
characterized by a region of much larger grain size than the 
surrounding material, this has been observed previously( 4 o. 4 ll The 
position of the initial interface before diffusion is traced by a line 
of large pores. The diffusion zone is not symmetrical around this line 
so it can be concluded that we have Kirkendall type diffusion. In the 
calcium/strontium titanate diffusion couple the diffusion zone on the 
calcium titanate side of the original interface is larger than the 
diffusion zone on the strontium titanate side. This indicated that 
strontium diffusion into calcium titanate is faster than calcium 
diffusion in strontium titanate. The strontium/barium titanate 
diffusion couple has the larger diffusion region on the strontium 
titanate side of the original interface indicating that barium 
diffusion into strontium titanate is faster than strontium diffusion 
into barium titanate. This latter diffusion interface requires further 
comment as the back-scattered electron image indicates that the 
diffusion zone on the barium titanate side has a new intermediate zone 
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INTERFACE 
Figure 14. Scanning Electron Micrographs of the Calcium/ 
Strontium Titanate Diffusion Zone. 
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Figure 15. Micrographs corresponding to concentration profile 
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for the Strontium Titanate/Barium Titanate Diffusion 
Couple Annealed at 1100 C for 136 Hours. (a) Secondary 
Electron Image. (b) Back Scattered Electron Image. 
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Figure 16. X-Ray Kapa Corresponding to Micrograph• in Figure 15. 
(a) Strontiua Kap, (b) Barium Map. 
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Figure 17. Titanium X-Ray Map Corresponding to Micrographs in 
Figure 15. 
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between the (Ba,Sr)Ti03 region and the BaTi03. X-ray 11apa of the 
diffusion zone and its vicinity, presented in Figures 15,16 and 17 
show that the interdiffusion zone contains bariUII and strontium and the 
barium concentration decreases rapidly outside this zone in the 
strontium titanate side of the diffusion couple. Similarly the 
strontium concentration decreases rapidly on the barium titanate side 
of the diffusion couple. The finger-type region extending from the 
interdiffusion region into the barium titanate contains only barium, 
titanium, and presumably oxygen , which was not analyzed for the X-ray 
map. The X-ray map intensity gives an indication of the relative 
amounts of the elements present. However to give any intensity 
variation that would be discernable on the screen or a film the 
difference in concentration has to be at least five percent. If we 
examine the titanium X-ray map we can see that there is indeed a 
discernable change in intensity as we move from the (Ba,Sr)Ti03 region 
into the intermediate region and then into the BaTi03. This indicates 
that the intermediate finger-type region contains more titanium than 
either the (Ba,Sr)Ti03 , the BaTi03 or the SrTi03 regions. There is no 
discernable difference in titanium intensity in the SrTi03, (Ba,Sr)Ti03 
and the BaTi03 regions. This is expected as the concentration of 
titanium is 25.10 wt% in SrTi03 and 20.54 wt% in the BaTi03, i.e. the 
difference being below the detectable limit for an X-ray map. Thus 
this intermediate region must contain at least 5 wt% more titanium than 
is present in barium titanate. The only other cation detected in this 
region is barium and the intensity level indicates that there is less 
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barium present in this region than in the barium titanate. Comparing 
these 11icrographs with the 11icroprobe data for this specimen,· shown in 
Figure 18, it is clear that this intermediate titanium rich zone does 
not lie within the cation interdiffusion zone and will thus not affect 
the interdiffusion calculations if we assume that diffusion of barium 
into this zone from the barium titanate is not a rate determining step. 
It is natural to pose the question as to why the intermediate zone is. 
present and how it arose. There is no similar zone in the strontium or 
calcium titanate. It appears only to contain barium and titanium 
cations and presumably oxygen as the anion. From the position of the 
interdiffusion region in relation to the original interface before 
diffusion we have concluded above that barium has diffused into the 
strontium titanate at a faster rate than the strontium titanate into 
the barium titanate. If the diffusion of titanium is slower than the 
diffusion of barium then the region next to the interface would be 
barium deficient, or to look at it another way titanium rich. However 
barium titanate has a very small tolerance for excess titanium[ll]. 
Thus it is highly likely that another compound would be precipitated 
when the titanium concentration exceeded the BaTi03 phase field in the 
BaO-Ti02 system. The phase diagram (Figure 19) shows that the finger-
like phase extending into the barium titanate is most likely to be a 
eutectoid of BaTi03-BaTi205 or BaTi03-BaTi307. The eutectoid structure 
is expected to be extremely fine and would not be resolved at the 
magnification of the micrograph. 
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Examination of the quantitative X-ray data for the region immediately 
outside the diffusion zone gives a Ti concentration of 23 wtl, 31 more 
than is present in BaTi03 . Generally it is believed that titanium is 
the slowest moving species in these titanates[ 34 1 but as both calcium 
and strontium titanate can support a much larger concentration of 
excess titanium without a phase change occurring a second phase like 
the one seen in the barium titanate diffusion couple is not present. 
Thus from simply examining the diffusion zones we can predict that (a) 
strontium diffusion in calcium titanate is faster than calcium 
diffusion in strontium titanate, and (b) barium diffusion in strontium 
titanate is faster than strontium diffusion in barium titanate and (c) 
titanium diffuses in barium titanate at a rate slower than barium in 
barium titanate. 
7.2 COMPOSITION DEPENDENCE OF THE CATION INTERDIFFUSION COEFFICIENT. 
The results of the calculations for Dare presented in Figure 20 for 
the calcium/strontium titanate diffusion couple and in Figure 21 for 
the strontium/barium titanate diffusion couple. The interdiffusion 
coefficient at extreme ends of the diffusion couple gives the diffusion 
of the lower concentration ion in the lattice of the higher 
concentration ion, which can be verified from equation (3). At the 
calcium rich extreme of the diffusion couple the NsrDca contribution to 
the interdiffusion coefficient is negligible compared to the Nc 4 Dsr 
contribution, and vice versa. Thus we can say that Sr diffusion in 
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CaTi03 > Ca diffusion in SrTi03. Similarly, for the strontium/ bariUDI 
titanate diffusion couple, Ba diffusion in SrTi03 > Sr diffusion in 
BaTi03. These results, although in accordance with that predicted from 
the diffusion zone shape, appear to be counter intuitive in that it 
appears that diffusion of a larger A-site ion in the crystal structure 
of the smaller A-site ion is easier than the reverse case. However, we 
are comparing diffusion of different cations in different matrices, 
whereas we need to compare ions diffusing in the same matrix; such data 
is not available from this experiment or from previous work. When we 
compare ca++ diffusion to Ba++ diffusion in the same matrix (SrTi03), 
we do find that the smaller cation diffuses faster as expected. 
The cation interdiffusion coefficient is strongly composition 
dependent when the concentration of the smaller radius A-site cation is 
greater than the concentration of the larger radius A-site cation. 
When the concentration of the larger radius A-site cation exceeds that 
of the smaller cation the interdiffusion coefficient is relatively 
composition independent. This trend is followed for both the couples 
and at all temperatures studied. To understand this concentration 
dependence it is necessary to discuss the temperature dependence of 
these interdiffusion coefficients first. 
7,3 TEMPERATURE DEPENDENCE OF THE INTERDIFFUSION COEFFICIENT, 
The temperature dependence of the interdiffusion coefficients is 
tabulated in Table 7 in Appendix II and presented in Figure 22 for the 
calcium/strontium titanate diffusion couple and in Table 8 and Figure 
23 for the strontium/barium titanate diffusion couple. The data for 
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both couples were plotted in the Ahrennius mannerc 35 1 and the 
activation energy and pre-exponential for each composition dependent D 
were calculated. The results of these calculations are presented in 
Tables 9 and 10 in Appendix II for the calcium titanate/strontium 
titanate and the strontium titanate/barium titanate diffusion couple 
respectively. The concentration dependence of the activation energy 
for interdiffusion at the various temperatures studied is presented in 
Figure 24 for the calcium/strontium titanate diffusion couple and in 
Figure 25 for the strontium/barium titanate diffusion couple. The 
concentration dependence of the pre-exponential factors is presented in 
Figures 26 and 27, respectively. 
If we consider that the matrix at compositions of strontium greater 
than 0.5 mole fraction has strontium titanate structure with calcium 
ions as the solute, and that for concentrations of strontium less than 
0.5 mole fraction the crystal structure is calcium titanate with Sr 
ions as the solute then there should be no composition dependence of 
the pre-exponential providing the attempt frequency is concentration 
independent. D
0 assumes one value that remains constant in the calcium 
titanate matrix and then rapidly changes to the value of that in the 
strontium titanate matrix. Thus the concentration dependence of the 
cation interdiffusion coefficient must arise primarily from the 
concentration dependence of the activation energy for diffusion and we 
must look for a reason for the composition dependence of Din the 
factors that constitute the activation energy. As discussed in section 
3.1 the activation energy consists of an enthalpy of formation of the 
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mobile defects and the enthalpy of motion of these defects; the 
combination of these two terms gives rise to a composition dependent 
activation energy for diffusion in the smaller A-site cation matrix and 
a composition independent activation energy in the larger A-site cation 
matrix. Let us consider the larger A-site cation matrix first. We 
propose that calcium diffusion in strontium titanate and strontium 
diffusion in barium titanate are limited by the diffusion of host 
cation vacancies in the matrix which is composition independent. As a 
result the respective Dare also composition independent. To explain 
the composition dependency of diffusion of the larger radius ion in the 
matrix of the smaller radius ion we need a factor that produces a 
smaller activation energy as the concentration of diffusing solute 
atoms decreases. For this case we assume that the availability of 
vacancies is not the slowest step and hence not a limiting factor. 
However from previous work[ 311 we know that the enthalpy of formation 
of a calcium vacancy is less than for formation of a strontium vacancy, 
and that the enthalpy of formation of a strontium vacancy is less than 
that for the formation of a barium vacancy in their respective 
titanates. Hence, if we consider the solid solution as consisting of a 
solution of the two A-site cations it would be expected that 6Hr would 
be lowest at dilute solutions and greatest at higher concentrations 
within the smaller A-site cation matrix. 
In summary we can say that the composition dependence of the cation 
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interdiffuaion coefficient arises from the composition dependence of 
the activation energy for interdiffuaion. For diffusion of the smaller 
radius A-site cation in the matrix of the larger A-site cation 
diffusion is limited by the vacancy mobility which is composition 
independent. For diffusion of the larger A-site cation in the matrix 
of the smaller A-site cation the diffusion is limited by the enthalpy 
of formation of A-site vacancies which is composition dependent, lowest 
in dilute solutions and highest in concentrated solutions. 
7,4 THE EFFECT OF CATION-CATION NONSTOICHIOMETRY ON CATION INTERDIFFUSION. 
The results of the effect of varying the AO/Ti02 ratio in one side of 
the diffusion couple on cation interdiffusion are detailed in Table 11 
in Appendix II and presented in Figure 28 for the calcium/strontium 
titanate diffusion couple and in Table 12 and Figure 29 for the 
strontium/barium titanate diffusion couple. In general, introducing A-
site cation vacancies increases the interdiffusion coefficient. At the 
CaTi03 extreme of the couple, in Figure 28, the interdiffusion 
coefficient is an indication of Sr diffusion in CaTi03 which increases 
significantly as more vacancies are introduced. The effect of such non-
stoichiometry on Ca diffusion in SrTi03 is much less for x = 0.00156 
and x = 0.002 and is insignificant for compositions x = 0.00000, 0.005, 
0.001. This result is expected intuitively since the SrTi03 crystal 
remains stoichiometric throughout the experiments and there are no 
additional vacancies available for the Ca to readily diffuse into. In 
reality the interdiffusion is very much a coupled process and changing 
the calcium titanate stoichiometry does influence diffusion on the 
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strontium extreme of the diffusion couple. A similar result is 
produced for the strontium/barium diffusion couple. 
It is interesting to note that the composition dependence of the 
interdiffusion coefficient, and hence the activation energy, is rather 
insensitive to A-site cation non-stoichiometry. Altering the cation-
cation nonstoichiometry does not change the thermodynamic factors 
involved, but simply the number of vacant sites available for diffusion. 
is increased. Quantitatively the effect of nonstoichiometry on the 
--..., interdiffusion coefficient can be seen if we compare the D at 0.9 mole 
fraction ATi03 for various non-stoichiometric values of A. This 
relationship is represented graphically in Figure 30 for the calcium 
titanate/strontium titanate diffusion couple and in Figure 31 for the 
strontium titanate/barium titanate diffusion couple. Clearly 
increasing the degree of cation-cation nonstoichiometry, x, by 
introducing excess Ti02 leads to an increase in the cation 
interdiffusion coefficient. This is possible only if excess Ti02 leads 
" to A-site vacancies (VA) and the cation interdiffusion occurs via a 
vacancy mechanism. From the defect chemistry set out in the 
Background section a straight line relationship is predicted between 
the degree of non-stoichiometry, x, and the interdiffusion coefficient. 
However, for the CaTi03/SrTi03 diffusion couple, there is a distinct 
deviation from linearity. There are three possible explanations for 
this deviation: a) the tolerance for excess Ti02 of these materials is 
much smaller than that suggested in reference 10, and we are dealing 
with samples that have Ti02 precipitates present, b) defect association 
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is occurring or, c) the defect chemistry interaction with the 
interdiffusion coefficient is more complex than first assumed. 
··, J ·• • 
Defect 
association is the formation of a complex defect between two or more 
free point defects. As an example a complex may form between the 
oxygen vacancy and the A-site vacancy to produce a neutral vacancy 
pair; •• + Vo \ \ (28) 
The defect complex would have a much lower mobility than the 
uncomplexed defects and hence a lower diffusivity. In the absence of 
complex formation, by increasing the degree of cation nonstoichiometry 
A-site vacancies would be formed in direct proportion and a higher 
cation interdiffusion coefficient would be observed. If, however, some 
of these newly introduced vacancies formed complexes they would no 
longer be as mobile and the expected increase in cation interdiffusion 
would not be proportionaly higher. With increasing A-site cation 
vacancies the defect association is more likely to occur simply from a 
probability point of view, and as observed one would expect a continued 
deviation from linearity. This conclusion of defect complex formation 
disagrees with the ionic conductivity work of Witek and Smyth[31] on 
nonstochiometric strontium titanate. They found that the minimum in 
the conductivity vs oxygen partial pressure curve does not shift along 
the p02 axis when the cation stoichiometry is changed. The position of 
this minimum is determined by the concentration of free unassociated 
oxygen vacancies, which then must also remain constant and not 
0 participate in complex formation. They conclude that at 1000 C, the 
temperature of the conductivity measurements, no defect association had 
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taken place. The temperature used for this aet of experiments 
0 presented here was 1350 C and it is known that the degree of complex 
formation decreases with increasing temperature. So it is even less 
0 likely that complexing would occur at 1350 C. There is no evidence of 
defect association in barium titanate or calcium titanate as these 
materials retain their high dielectric constants at high 
temperatures[ 3l] which should be sufficient to suppress electrostatic 
interactions between charged defects. Theoretical calculations by 
Lewis and Catlow[ 36] give an enthalpy of association of 38.6kJmol -1 
(0.3eV) for (VBa"Vo) in barium titanate which would be insufficient to 
0 
account for significant association at 1000 C. Thus it is highly 
unlikely the non-linear relationship between the cation interdiffusion 
coefficient and degree of nonstoichiometry is due to defect 
association. However, in counter arguement 02 complexing may not be 
as easily visible as cation comlpexing because the complexed defects 
would consist of a much lower percentage of the total defect 
concentration. 
The possibility that the solubility limit for excess Ti02 
incorporation had been exceeded much earlier than expected is not 
improbable , although all compositions were well below the documented 
solubility limit and no second phases were found to be present in the 
CaTi03/SrTi03 couple when investigated by scanning electron microscopy. 
The non-linearity of the increase in the diffusion coefficient is 
significant and is not likely to have arisen from small amounts of 
precipitation of Ti02. 
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In summary, the exact reason for the experimentally determined form of 
the increase in the cation interdiffusion coefficient with degree of 
nonstoichiometry has not been isolated, however we do know that by 
lowering the AO/Ti02 ratio the cation interdiffusion coefficient is 
increased. We deduce that lowering the ratio by introducing excess 
Ti02 , within the solid solubility limit, produces as compensating 
defects, A-site cation vacancies. As increasing the concentration of 
A-site vacancies increases the interdiffusion coefficient then cation 
diffusion must occur via a vacancy mechanism. 
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8,Q CQRCLUSIQRS. 
The method developed here to determine the cation interdiffusion 
coefficients in the alkaline earth titanates is valid for the 
experiments presented in this thesis. The diffusion studied was bulk 
lattice diffusion with negligible contribution from grain boundary 
diffusion. 
Examination of the interdiffusion zones indicates that the phase 
diagrams in the temperature range used are correct. We can conclude, 
also from examination of the zones, that titanium diffusion is slower 
than barium diffusion in barium titanate. 
The quantitative interdiffusion data indicates that strontium 
diffusion in calcium titanate> calcium diffusion in strontium titanate 
> barium diffusion in strontium titanate> strontium in barium 
titanate. Comparing diffusion of ions in the same matrix indicates 
that calcium diffusion is faster than barium diffusion in strontium 
titanate. 
These interdiffusion coefficients are composition independent when the 
concentration of the smaller radius alkaline earth cation exceeds that 
of the larger radius alkaline earth cation. However, when the 
concentration of the larger radius cation exceeds that of the smaller 
radius cation the interdiffusion coefficient is strongly composition 
dependent. This composition dependence is exhibited at all 
temperatures and stoichiometries studied. The cation composition 
dependence of the interdiffusion coefficient arises from the 
composition dependence of the activation energy for interdiffusion. 
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For diffusion of the amaller radius A-site cation in the matrix of the 
larger A-aite cation diffusion is limited by the vacancy mobility which 
is composition independent. For diffusion of the larger A-site cation 
in the matrix of the smaller A-site cation diffusion is limited by the 
enthalpy of formation of A-site vacancies which is composition 
dependent, being the lowest in dilute solutions and highest in 
concentrated solutions. 
Changing the cation-cation stoichiometry of one of the components of 
the diffusion couples has a strong effect on the cation interdiffusion 
coefficient. Lowering the AO/Ti02 ratio by introducing excess Ti02 
causes an increase in the interdiffusion coefficient for diffusion of 
the A-site cation into the AO deficient matrix. The diffusion of the 
non-stoichiometric A-site cation into the stoichiometric matrix 
increases slightly if at all. The composition dependence of the 
interdiffusion coefficient, and hence the activation energy, is 
insensitive to A-site cation non-stoichiometry. 
A definitive explanation for the form of the increase in Din 
increasingly AO deficient materials has not yet been established but is 
possibly due to association of oxygen and A-site vacancies. 
We deduce that lowering the AO/Ti02 ratio by introducing excess Ti02 
,within the solubility limit, produces as compensating defects A-site 
cation vacancies. As the diffusion coefficient increases with 
decreasing AO/Ti02, ratio interdiffusion of alkaline earth cations in 
their titanates must occur via a vacancy mechanism. 
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APPENDIX I I 
QUANTITATIVE X-RAY MICROANALYSIS. 
The diffusion profile was determined using a non-destructive X-ray 
technique in an Electron Probe Microanalyzer. This allowed a 
quantitative chemical analysis of lµm3 regions of the bulk sample to be 
made. This method is particularily applicable for determining the 
concentration profile within a diffusion couple when used with a 
computer and appropriate interfaces the spectrometers and counting 
equipment may be programmed so that the specimen stage will move to a 
predetermined point on the sample surface which will be analyzed before 
moving to the next point and repeating the procedure. Thus a complete 
line profile can be built up with a point analyzed every micron. 
The chemical analysis is performed by measuring the intensity 
distribution of the X-ray signals generated by a sample when it is 
bombarded by a focussed beam of electrons. The characteristic x-ray 
peaks are detected using wavelength dispersive spectrometers and the 
individual elements present identified by the angle of the analysing 
crystal upon detection. Peaks will only be observed at Lhose angles 
at which Braggs law is satisfied; 
n,\ = 2d Sin8 (Al) 
The intensity of the X-ray peaks is not entirely dependent on the 
relative amounts of the elements present in the bulk of the sample; it 
is also a function of other factors of the sample itself. A value has 
to be determined for these factors before the actual quantity of 
elements present in the sample can be determined. There are several 
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correction schemes that can be used for ceramic samples, the one used 
in this case was the ZAF Correction. Quantification simply involves 
the measurement of the relative X-ray intensity ratio (K) between the 
elements of interest in the specimen and the same elements in a 
standard specimen of known composition; 
I1/Iistandard = Ki (A2) 
Once the K values have been determined corrections have to be made for 
a) electron scattering and retardation differences between the specimen 
and the standard; this is known as the atomic number effect (Z Factor), 
b) X-ray absorption within the specimen; the A factor and c) 
fluorescence effects, F factor. These three factors can be calculated 
for each element and the weight fraction of the element is simply the 
multiplicant of these factors and the relative intensity ration; 
(A3) 
The atomic number factor arises from two sources; electron 
backscattering and electron retardation, both of which are dependent on 
the average atomic number of the material under the beam. The result 
of not taking this factor into account would be that analysis of light 
elements in a heavy matrix would yield values that are too high and the 
analysis of heavy elements in a light matrix would yield values that 
are too low. This correction is usually small and the major variable 
is the difference between the average atomic mass of the specimen under 
analysis and the standard. 
The absorption factor arises from the fact that X-rays are produced 
at various depths from within the specimen and must pass through the 
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specimen on their path to the detector. Absorption of these X-rays due 
to inelastic interactions within the bulk of the sample is possible 
leading to a reduction in the X-ray intensity being detected. This is 
usually the largest of the three correction factors and is directly 
proportional to the overvoltage ratios, mass absorption coefficients 
and inversly proportional to the take off angle. 
The characteristic Fluorescence correction is required if x-rays 
are generated with sufficient energy to produce further ionisation of 
atoms during interactions on their path out of the specimen. For 
fluorescence to occur the energy of the fluorescing X-ray must be 
greater than SKeV + Ee, the excitation potential of another element 
present in the sample. This correction is required as the detector 
cannot decern the difference between primary fluorescence of the sample 
by the beam and secondary fluorecence by generated x-rays and thus an 
enhanced intensity of the fluoresced element would be detected. The 
flourescence factor is probably the least important factor however if 
fluorescence occurs it must be accounted for. 
To enable as accurate as possible chemical analysis the three 
correction factors should be as close to unity as possible. A certain 
amount of manipulation of these factors is possible and this should be 
taken into account when deciding on the characteristic peaks to be 
analysed and the operating condtions of the microscope are set. If all 
the factors are optimised this method of X-ray microanalysis can yield 
quantitative information about the chemical composition of the sample 
to an accuracy of one weight percent. 
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Experimental Data Tables. 
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DIFFUSING 
SPECIES 
018 
01 8 
018 
018 
oxygen 
oxygen 
oxygen 
Sr 8 9 
S r 8 9 
S r 8 9 
SrTi03 
TEMP De, ACTIVATION METHOD OF RANGE ENERGY MEASUREMENT (K) ( cm2 s- 1 ) (KJmol - 1 ) 
Solid/Gas 0 1 e 
Isotope Exchange 
1273-1723 3.3 E-6 95.418 Single crystal 
1273-1723 3.6 E-7 66.96 polycrystal 
1313-1823 1. 3 E-5 531.495 Sol id/Gas 0 1 8 
Isotope Exchange 
polycrystal 
1123-1733 5.2 E-6 109.23 01 8 Tracer 
Diffusion 
973-1248 60 238.545 Tensivolumetric 
polycrystal 
1123-1733 0.33 94. 16 Reoxidation 
Kinetics 
973-1248 SO E-3 62.36 Capacitance 
Manography of 
Reduced Single 
crystal 
1273-1573 4.0 292.30 Sr8 g Tracer 
Diffusion in 
Single crystal 
Sr8 g Tracer 
Diffusion in 
Single crystal 
1523-2073 2.97 E9 573.00 DA r a i n b o u n d a r y 
1523-2073 3.97 586.00 olattic• 
1323-1473 1.51E-10 248.8 Sintering Studies 
Table 3. Diffusion Data for Strontium Titanate. 
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REF 
18 
21 
23 
1 7 
23 
20 
19 
26 
38 
DIFFUSING 
SPECIES 
Ba131 
Ba131 
018 
018 
< 
Oxygen 
Oxygen 
Oxygen 
, ' I , j ~ ,, ', 
TEMP. Do ACTIVATION METHOD OF RANGE ENERGY MEASUREMENT (K) cm2 s- 1 KJmol- 1 
1157-1453 0.8 372.367 Ba131 Isotope 
Contact Method 
1133-1408 18 242.672 Ba131 Tracer 
diffusing in an 
electric field 
770-1703 2.9E-10 43.890 Gaseous 018 
exchange 
1073-1373 3.06E-9 6.307 Gaseous 0 18 
exchange and 
proton activation 
650-1250 32 133.024 Resistance 
Measurements 
Concentration 
cell 
Measurements 
903-933 3.05E-9 6.308 polycrystal 
875-923 6.08E-9 6.308 single crystal 
Table 4. Diffusion Data for Barium Titanate, 
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39 
22 
25 
24 
22 
22 
Diffusion Time. Diffusion Distance. 
(seconds) (distance in um between 0.1 and 
0.9 mole fraction of one cation) 
0 0 
47,524 68 
103,684 104 
180,645 136 
Table 5. Diffusion Time vs. Diffusion Distance for the 
CaTi03 /SrTi03 Diffusion Couple Annealed at 1350°C. 
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SrTi03 /CaTi03 Diffusion Couple 
Annealed at 1350°c for Various Times 
Grain Size 
3pm 
12µm 
33 pm 10-19 
-15 10 
Table 6. Grain Boundary/Lattice Diffusion Data 
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Temperature ocnni1> 
• 11oo·c 12oo·c 13oo·c • C 1350 C 
1/T(I<) 7.280 E-4 6.789 E-4 6.566 E-4 6. 161 E-4 
Mole Fraction 
SrTi03 
0.1 1. 40 E-15 2.31 E-15 2.57 E-15 1.84 E-15 
0. 15 5.55 E- 16 1.73 E-15 1. 5 3 E-15 1.50 E-15 
0.2 3.50 E-16 1.30 E-15 1.18 E - 15 1.20 E - 15 
0.25 2.22 E - 16 1 . 00 E - 15 9.90 E-16 1. 0 5 E , ~ - .I. ) 
0.3 1. so E-16 7.80 E-16 8.30 E-16 9.45 E - 16 
0.35 1. 00 E-16 6.30 E-16 7.40 E - 16 8.50 E - 16 
0.40 7.00 E-17 5.1 E - 16 6.75 E-16 7.99 E - 16 
0.45 5.00 E-17 4. 15 E-16 6.10 E-16 7. 39 E-16 
0.50 3.50 E-17 3.40 E-16 5.80 E-16 7.17 E-16 
0.55 3.27 E-17 2.90 E-16 5.80 E-16 7. 1 7 E-16 
0.60 - 0.95 3.27 E-17 2.50 E-16 5.25 E-16 7. 1 7 E-16 
Table 7. Smoothed Temperature Dependence Data for the 
CaTi03 / SrTi03 Diffusion Couple. 
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Temperature 
1/T(K) 
Mole Fraction 
BaTi03 
0.1 
0. 15 
0.2 
0.25 
0.3 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 - 0.95 
, ., "·r . 
7.280 E-4 
1.93069 E -17 
1.45000 E -17 
9.55000 E -18 
6.50128 E -18 
4.01023 E -18 
2.55015 E -18 
2.40000 E -18 
2.00000 E -18 
1. 70000 E -18 
1.70000 E -18 
1.70000 E -18 
,• • f,,, 'I' • 
1200 C 
6.789 E-4 
4.80303 E -16 
2. 73300 E -16 
1. 70000 E -16 
1.33333 E -16 
1.18110 E -16 
1.08220 E -16 
0.98000 E -16 
0.90000 E -16 
0.83300 E -16 
0.80000 E -16 
0.80000 E -16 
6.566 E-4 
7.82850 E -16 
6.00000 E -16 
4.50000 E -16 
3.72310 E -16 
3.10829 E -16 
2.55000 E -16 
2.00000 E -16 
1 . 7 5 000 E - 16 
1.50000 E -16 
1 . 40000 E - 16 
1.30000 E -16 
Table 8. Smoothed Temperature Dependence Data for the 
SrTi03 / BaTi03 Diffusion Couple. 
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Mole Fraction Activation Energy Pre-Exponential BaTi03 Q(KJmol - 1 ) Do(m2sl) 
0. 10 342.407 3.07678 E -4 
0. 15 342.608 2.15451 E -4 
0.20 353. 781 3.63603 E -4 
0.25 371.138 1.14774 E - 3 
0. 30 400.362 9.72615 E - 3 
0.35 424.457 1. 10662 E - 2 
0.40 408.122 1. 25828 E - 2 
0.45 412.900 1. 62928 E - 2 
0.50 414.056 1.57029 E - 2 
0.60 - 0.95 414.056 1.57029 E - 2 
Table 9. Composition Dependence of the Activation Energy for 
Interdiffusion and the Pre-Exponential for the 
SrTi03 / BaTi03 Diffusion Couple. 
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,r' 
Mole Fraction Activation Energy Pre-Exponential 
SrTi03 Q(IUmol - 1 ) Do(,n2f-1) 
0. 10 52.802 1.5247 E-13 
0. 15 68.853 3.0143 E-13 
0.20 85.607 8.4705 E-13 
0.25 109.776 4.5209 E-12 
0.30 129.541 1. 7526 E - 11 
0.35 173.843 4.0917 E-10 
0.40 194.059 1. 7302 E -9 
0.45 219.277 1 . 1 1 1 1 E - 8 
0.50 221.435 1.5840 E - 8 
0.60 - 0.95 224.912 1. 6255 E - 8 
Table 10. Composition Dependence of the Activation Energy for 
Interdiffusion and the Pre-Exponential for the 
CaTi03 / SrTi03 Diffusion Couple. 
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...... ;.,:~,· 
Interdiffuaion Coeff1c1ent.(rn2sl) 
Mole 
Fraction X in Ca 1 _xTi03 _x) Sr 
0.0000 0.0005 0.0010 0.00156 0.0020 
0. 1 1.841 E-15 4.660 E-15 6.640 E-15 7.389 E-15 8.618 E-15 
0.2 1.510 E-15 2.610 E-15 3. 732 E-15 5.849 E-15 5. 780 E - 15 
0.3 6.583 E-16 3.579 E-16 1.786 E-15 2.773 E-15 2.557 E - 1 5 
0.4 4.037 E-16 6.687 E-16 4.395 E-16 1.731 E-15 1 . 6 5 5 E - 1 5 
0.5 4.968 E-16 6.803 E-16 6.296 E-16 1. 42 8 E-15 1. 484 E - 1 S 
0.6 6.360 E-16 8.879 E-16 8. 178 E-16 1.727 E-15 1.640 E - 1 5 
0. 7 8.296 E-16 7.637 E-16 1.000 E-15 2.529 E-15 1. 970 E - 1 5 
0.8 7.578 E-16 7. 319 E-16 9.240 E-16 2.622 E-15 2.824 E - 15 
0.9 5.450 E-16 7.318 E-16 8.328 E-16 1.579 E-15 4.456 E - 15 
Table 11. Data for Effect of Cation-Cation Nonstoichiometry on the 
Calcium/Strontium titanate Interdiffusion Coefficient. 
96 
,. 
Mole Fraction 
IIT!IDIFltJSION C0!1PICI!RT.(rn2tr1) 
sin (Sr 1 _ :r Ti03 _ :r ) Ba 
0.0000 0.0001 0.0003 
0.1 1.1986 E-15 1.5790 E-15 7.1144 E-15 
0.2 5.3024 E-16 7.7413 E-16 3.8508 E-15 
0.3 2.2333 E-16 3.7170 E-16 2.8569 E-15 
0.4 1.6564 E-16 6.7600 E-17 1.6747 E-15 
0.5 1.1213 E-16 1.9828 E-17 7.2702 E-16 
0.6 5.3000 E-17 3.3272 E-17 4.8693 E-16 
0. 7 6.1532 E-17 2.1033 E-17 3.3677 E-16 
0.8 1.1557 E-17 2.5900 E-17 2.1212 E-16 
0.9 1.0016 E-17 2.7526 E-17 9.6012 E-17 
Table 12. Data for Effect of Cation-Cation-Nonatoichio11etry on the 
Strontium/Bariwa Titanate Interdiffusion Coefficient. 
APPQDIJ III I 
FORTRAN COMPUTER PROGRAM TO SOLVE LATTICE/GRAIN BOUNDARY DIFFUSION 
PROBLEM USING EQUATIONS BY OISHI£ l. 
PROGRAM GBDIP'P' 
C THIS PROGRAM WILL CALCULATE TH! CHEMICAL DIFFUSION CO!P'P'ICENT DU! TO LATI'IC! 
C DIFFUSION AHO DUE TO GRAIN BOUNDARY DIFFUSION GIVEN THE CON~TION PROP'IL! C BY TH! taTHOD SET OUT !SY OISHI ET AL 
C CONCENTRATION DATA, GRAIN SIZ! AND DIFFUSION TIME IS READ INTO THE PROGRAM 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
X ....... DISTANCE IN MICRONS READ DIRECTLY FROM MICROPROBE OUTPUT 
WTCONC .. CATION CONCENTRATION CORRESPONDING TO POINT X ON PROFILE 
A ....... LN( 2*(C-Cl)/(C2-Cl) ) VALUES CORRESPONDING TO X 
Cl ..... . MAXIMUM CATION CONCENTRATION 
C2 ..... . MINIMUM CATION CONCENTRATION 
N ....... NUMBER OF DATA PROFILE DATA POINTS 
T ....... TIME FOR DIFFUSION ANNEAL 
G ...... . GRAIN SIZE 
AV ..... . AVERAGE PROFILE CATION CONCENTRATION 
SD ...... CORRESPONDING STANDARD DEVIATION 
M ...... . GRADIENT OF BEST FIT LINE 
ie. Y • MX + C 
C ....... CONSTANT FOR BEST FIT LINE 
sx ...... SUM or X VALUES 
SY ...... SUM Of A(I) VALUES 
SXY ..... SUM Of (X(i) * (A(i)) 
SXS ..... SQUARE OF SUM OF X 
SSX ..... SUM OF X SQUARED 
S2 ...... VARIENCE 
CS2 ..... COVARIENCE 
REAL XM ( 1 : 2 ) , C ( l : 2 ) 
REAL X ( 1: l O O) , WTCONC ( l: l O O) , A ( 1: 10 0) , F ( l: l O O) , DY ( l: l O O) 
INTEGER XX,NN, N, Q 
REAL Cl, C2, T, G, AVX,AVY, SX,SY,52,SXY,SSX,SXS,P 
REAL CC, DL, 0GB, Y, AA, PI, SUM, Z, U,CS2, V,R 
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• 
WRITE(8,*) 'X VAUJES 
DO 25 I•l,N 
I, 'CONCENTRATION 
A(I)•2*((WTCONC(I) - Cl)/(C2 - Cl)) 
A(I) • ALOG(A(I)) 
PRINT*, WTCONC(I), A(I) 
WRITE (8,*) X(I), WTCONC(I), A(I) 
IF (I.EQ.N) THEN 
GOTO 26 
END IF 
PRINT • I 
2~ CONTINUE 
ONLY VALUES OF A(I) THAT YIELD 
', 'LN2 (C-Cl/C2-Cl)' 
~ >. NATURAL LOG OF LESS THAN ZERO ARE INCWDED IN THE CURVE FIT. 
26 SY 
-
0 
SX • 0 
52 
-
0 
V • 0 
SXY 
-
0 
R • 0 
ssx - 0 
sxs 
-
0 
CS2 
-
0 
NT• O 
AVX • 0 
AVY • 0 
DO 30 K•l,100 
IF (K.EQ.N+l) THEN 
GOTO 35 
END IF 
IF (A(K) .LT.0.000001) THEN 
SY• A(K) + SY 
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REAL CON, XV.AL 
OPEN (UNIT •8, FILE•'B:DIFR!Sl') 
~IND 8 
PI• J.141592654 
C 
C DATA IS RE.AO IN FROM KEYBOARD 
C 
PRINT *' I INPUT TOTAL SOLUTION TIME (.) I 
READ*, T 
PRINT*, 'INPUT MAXIMUM CONCENTRATION C2' 
RE.AO*, C2 
PRINT *' I INPUT MINIMUM CONCENTRATION Cl I 
READ*, Cl 
PRINT *' I INPUT GRAIN s I ZE I 
READ * I G 
PRINT*, 'INPUT NUMBER OF DATA POINTS' 
READ * I N 
PRINT*, 'INPUT EXPERIMENTAL VALUES OF X' 
DO 10 I• l,N 
READ*, X(I) 
10 CONTINUE 
PRINT* 'INPUT EXPERIMENTAL VALUES OF CONCENTRATION' 
DO 20 I• l,N 
READ*, WTCONC(I) 
20 CONTINUE 
C 
C THE LN (C-Cl)/C2-Cl) VS X VALUES ARE CALCULATED 
C 
DO 100 Q•l,2 
C 
C THE FIRST TIME THROUGH THE LOOP Cl•MAX, C2•MIN S!CONO TIM!: THROUGH TH!S! 
C VALUES AR! REVERSED so THAT BOTH SIDES or THE PROFILE AR! CALCULATED. 
C 
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, I ' ._' .. ~ { ' 
SX • X(JC) + SX 
SXY •(A{JC)*X(JC)) + SXY 
SSX •(X(JC)*X(JC)) + SSX 
PRINT*, 'N',NT 
END IP' 
JO CONTINUE 
C 
C THE DATA IS FITTED TO A STRAIGHT LINE BY TH! LEAST SQUARES METHOD 
C 
J~ AVX • SX/NT 
AVY • SY/NT 
PRINT * 'AV A(I) VAWE', A.VY, 'AV X VA.LUE', A.VX 
sxs - sx * sx 
PRINT * 'SUM OP' X', SX, 'SUM OF X2', SSX 
PRINT * 'SUM OF A(I) ',SY 
PRINT*, 'SUM OF X VALUES ALL SQ' , SXS 
S2 • (NT-1) 
PRINT *, 'S2•', S2 
SJ• SX * SX /NT 
PRINT *, 'S 3 •' , S 3 
S4 • SSX - S3 
PRINT *, 'S4•', s, 
S2 • S4/S2 
PRINT * / I SUM OF X*Y' I SXY 
V • SX * SY 
V • V/NT 
R • (NT-1) 
CS2 • (SXY - V)/ R 
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·,· 
C 
PRINT*, 'Sl •', Sl 
PRINT•, 'V ( sx•SY/NT) ' , V 
PRINT*, 'CS2 •', CS2 
XM(Q)• (CS2/S2) 
C(Q)•AVY-(XM(Q)*AVX) 
//,. 
WRITE(B,*) 'TH! RESULTS OF THE BEST FIT LINE THROUGH THE DATA' 
PRINT*, 'GRADIENT•' ,XM(Q), 'CONSTANT•', C(Q) 
WRIT!(8,*) 'GRADIENT•' ,XM(Q), 'CONSTANT•' ,C(Q) 
PRINT*, 'END OF CALCULATIONS, RESULTS ARE IN FILE b:DIFRES' 
WRIT! ( 8, •) ' 
C NOW TO DO TH! CALCULATIONS AGAIN FOR TH! OTHER HALF OF THE PROFILE 
C 
PRINT*, 'INPUT ANY NUMBER TO CONTINUE THE PROGRAM' 
RUD*, XX 
Cl• C2 
C2 • 0.00 
100 CONTINUE 
C 
C NEED TO EQUILIBRATE BEST FIT LINES TO GET PROPER C VALUE THAT OCCURS 
C WHEN LINES CROSS IE AT THE MATA.NO INTERFACE. C VALUES PREVIOUSLY 
C CALCULATED ARE FOR INTERSECTION OF X•O ON ARBITARY X SCALE. 
C 
C 
C 
C 
C 
XVAL • (C(2) - C(l) )/(XM(l)-XM(2)) 
CON• XM(l) * XVAL + C(l) 
WRITE(S,*) 'THE M>.TANO INTERFACE FALLS AT X - I I XVAL 
PRINT•, 'THE CONSTANT IS', CON 
WRITE(8,*) 'THEY VALUE THAT CORRESPONDS TO THE M>.TANO INTERFACE' 
WRITE(8,*) 'THAT IS THE Mt/Moo VALUE•', CON 
WRITE ( 8, *) 'THE CORRESPONDING m VAW!S ARE', XM ( l) , 'AND', XM ( 2) 
NOW WE KNOW THE GRADIENT AND THE CONSTANT FOR THE BEST FIT LINE 
THROUGH THE DATA WE CAN NOW CALCULATE THE DIFFUSION COEFFICIENTS; 
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C 
C 
FIRST Tim LATTICE DIFFUSION COEFFICIENT DL; 
00 150 Q-1,2 
0GB •O 
DL-0 
CC•O 
'i • ( ( 1-CON) * (PI** 2) ) / 6 
Z •(PI**2)*(T/G**2) 
U • 0 
00 70 I•l,50 
PRINT *, I, U 
f(I) • -Y + U + (U**4/4) + (U**9/9) + (U**l6/16) 
F(I)• F(I) + (U**25/25)+(U**36/36)+(U**49/49) 
DF(I)•(l+(U**))+(U**B)+(U**l5)+(U**24)+(U**25)+(U**48)) 
AA •-(F(I)/OF(I)) 
PRINT •, AA 
U• U+A>. 
PRINT • , I u I , u 
70 CONTINUE 
U •ALOG(U) 
PR I NT • , I LN u- I , u 
DL • U/Z 
PRINT *, 'LATTICE DIFFUSION COEFFICIENT •', DL 
WRITE ( 8, *) ' 
WRITE(B,*) '-----------------------------------------------' 
WRITE ( 8, *) 'FOR 11 •' , XM ( Q) 
WRITE ( 8, *) 'LATTICE DIFFUSION COEFFICIENT •' , DL 
NOW WE KNOW THE LATTICE DIFFUSION COEFFICIENT WE CAN CALCULATE 
THE GRAIN BOUNDARY COEFFICIENT DGB 
PRINT*, 'INPUT >.NY NUMBER TO CONTINUE' 
READ*, XX 
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CC• -l*((DL*(PI**2) * T)/ G**2) 
NN • 1 
SUM• 0 
DO 80 I •1,50 
SUM• EXP ( CC*(NN**2)) + SUM 
PRINT * I NN I I SUM - I I SUM 
NN • NN+l 
80 CONTINUE 
IF (XM(Q) .LT.O) THEN 
XM(Q)•-XM(Q) 
END IF 
DGB •(SUM• 4 • DL)/(XM(Q)**2)* G 
'' l,.: ,"° .... ' • ' 
PRINT • I I GRAIN BOUNDARY DIFFUSION COEFFICIENT - I I DGB 
WRITE ( 8, •) 'GR.A.IN BOUNDARY DIFFUSION COEFFICIENT •', DGB 
150 CONTINUE 
W'RITE(B,•) '-----------------------------------------------' 
CLOSE (UNIT•8, STATUS•'K!:EP') 
STOP 
END 
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